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(54) Loudness limiter 



(57) For limiting the signal transmitted to the human 
ear in dependency on an incoming acoustical signal, 
there Is provided a signal processor 3, the output of 
which acts on an output transducer and on a calculator 
unit 7 which calculates according to a preselected 
model the psychoacoustical entity loudness of the 
incoming acoustic signal. The loudness, thus calcu- 
lated, is compared with a predetermined loudness level 
MAL and according to the result of such comparisori, 
parameters at the processor unit 3 are varied so as to 
restrict the transmitted loudness on the MAL level. lJ^;^ 




Europaisclies Patentamt 
European Patent Office 
Office europ^en des brevets 




1 EP0 836363A1 



Description 

A method for limiting a signal transmitted to the 
human ear and apparatus to perform same 

5 

The present invention is directed to a method Ibr 
limiting the signal transmitted to the human ear In 
dependence on an incoming acoustical signal and is 
further directed to a hearing apparatus which comprises 
an input acoustical/electric transducer, the output 10 
thereof being operationally connected to the input of a 
signal processor unit with a controllable spectral trans- 
fer characteristic, the output of this processor unit being 
operationally connected to the input of an output trans- 
ducer for the human ear. is 

Definition of Loudness 

Loudness of an audio signal is a psycho-acoustical 
entity. Several models have been developed to quantify 20 
the loudness which a standard individual will perceive 
dependent on Incoming audio signals. We refer as 

examples to: 



EP-0 661 905 of the same applicant as the present 
application; 

35 

H. Dillon, "Compression? Yes, but for low or high 
frequencies, for low or high intensities, and with 
what response times?'. Ear and Hearing, Vbl. 17, 
No. 4, 1996. 

40 

All models used fo calculation of loudness percep- 
tion apply the concept of an auditory f ilterbank and sub- 
divide an audio signal into spectral bands. In 
psychoacoustic these filter-bands are called the critical 
bands. They provide a constant filter bandwidth on a 4s 
psychoacoustical frequency scale, normalised to Bark 
(Zwicker) or ERB. (B. Moore "Perceptual consequences 
of cochlear damage", Oxford Psychology Series 28, 
Oxford University Press, 1995). 

In a first step the auditory filtertjank is performing a so 
transformation of the physical spectrum into a so-called 
excitation pattern. The excitation pattern, output 
response of the auditory f ilterbank, can be calculated for 
arbitrary signal spectra, procedures are described in the 
literature (Moore). ss 

In the second step the loudness provided by the 
respective cochlear excitation is calculated from the 
contributions in each critical band, called the specific 



2 

loudness and is further irrtegrated or summed over all 
the t}ands of the auditory filterbank, yielding the total 
loudness of the signal spectrum. 

The parameters of the loudness model are known 
and standardised for normal hearing listeners and can 
be modified for impaired subjects accordingly,. methods 
fbr the measuremem of loudness model parameters of 
individual subjects have been proposed (S. I^uner, 
"Loudness Perception in Listeners with Sensorineural 
hearing Impairment", Dissertation, Dept. of Physics, 
Universityof Oldenburg, Germany, 1995.) 

With respect to the standard of normal hearing we 
refer to ISO 226. "Acousfics - normal equal-loudness 
contours'. International Organization fbr Standardiza- 
tion, Geneva 1987. 

Loudness of an audio signal spectrum can be 
generically expressed by: 



L(S(f).P)= 2 L-,(S|„P,) 



L{P): loudness 

l-'k (SkO'PiJ- specific loudness, loudness contri- 
bution of the frequency band no. k 

Pk' band specific model parameters 

SK(f): the physical spectnim of the signal 

in band no. k out of the physical 
spectrum S(f). 

P: the entity of P(( parameters 

In this literature loudness is often referred to with 
the symbol N and respectively N' instead of L, L, 

Due to safety and comfort it is Known that hearing 
aids necessitate a system for limiting the power of sig- 
nals, as especially the sound pressure for elec- 
tric/acoustical output transducers, which is transmitted 
to the human ear in dependence on incoming acoustical 
signals. Even under broader aspect and thus under the 
aspect of human ear protection in very loud environ- 
ment, the need of such limiting is evidem. 

In today's hearing aid technology two limiting tech- 
niques are known, namely the so-called "peak clipping 
(PC)" and the so-called "automatic gain control (AGC)" 
technique (H. Dillon). 

According to the PC technique the transmitted 
power is clamped to a threshold value. TWs has obvi- 
ously the disadvantage that a consideratHe amount of 
harmonic distortion occurs as soon as the transmitted 
signal reaches the clipping level. It is thereby customary 
at hearing aids of this technique to provide the limiting 
threshold adjustable. 

According to the AGC technique the transmitted 



E. Zwicker, "Psychoakustik", Springer Verlag Ber- zs 
lin, Hochschultext, 1982; 

A. Leijon "Hearing Aid Gain for Loudness-Density 
Normalization in Cochlear Hearing Losses with 
Impaired Frequency Resolution", Ear and Hearing, ao 
Vol. 12, No. 4, 1990; 
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pcjwer is measured, compared to an admitted level and 
according to the result o1 tliis comparison the gain of the 
hearing aid apparatus is adjusted as by feedback con- 
trol. Thereby, it has further been proposed to divide the 
transfer characteristics of the hearing aid into distinct 
spectral bands, setting for each spectral band a specific 
threshold value and, by AGO, to limit the transmitted 
power separately in each frequency band. 

All these approaches depart from the attest to limit 
the power level according to a power limit where hearing 
becomes uncomfortable or even harmful. Thereby, it is 
known that human beings do not perceive pfiysical 
power as especially sound pressure level, but do per- 
ceive the psychoacoustic loudness and that especially 
discomfort is caused by too high loudness. 

Following up this knowledge, it is an object of the 
present invention to provide a method and an apparatus 
as was stated above which limits such signal transmit- 
ted to the human ear according to human perception of 
acoustical signals. 

Departing from a method as stated above, this 
object is realized by 

providing a limiting hearing apparatus which gener- 
ates from an input acoustical signal an output signal 
which is transmitted to the human ear with a con- 
trollable transfer characteristic; 

storing at the apparatus a threshold value; 

generating at the apparatus a signal which is 
dependent on loudness of the signal transmitted to 
the human ear and 

- reducing loudness of the transmitted signal to the 
ear by automatically adjusting parameters of the 
transfer characteristic which determine the loud- 
ness of the signal transmitted to the human ear as 
soon as the signal dependent on loudness of said 
transmitted signal reaches the threshold value. 

In opposition, especially to the approach of AGC. 
inventively the loudness of a transmitted signal is moni- 
tored or modelled as a test entity. This is performed by 
applying a model calculating the perceived loudness out 
of a spectrum representing an acoustical signal, and it 
is this loudness which is compared with a comfort loud- 
ness threshold which is standard and/or individually 
determined by experiments so as to limit the loudness 
of the transmitted signal. In a preferred embodiment 
lowering the loudness is performed by lowering the 
loudness contributions In all or in a predominant part of 
the critical bands individually or by equal percentage. 

Also, and not limiting the present Invention, the 
Inventive method is predominantly applied with hearing 
aid apparatus as the limiting apparatus. 

In a further preferred embodiment of the inventive 
method, the spectral transfer characteristic of the appa- 



ratus is set or permanently adjusted in dependence on 
the loudness perceived by an individual can^ying the 
hearing aid and of the reference loudness which would 
be perceived by a standard individual without hearing 
5 aid. 

The inventive hearing apparatus construed to per- 
form the object as mentioned above comprises a pre- 
settable storing unit and a calculating unit with an input 
operationally connected to the output of the processor 

10 unit which calculating unit generates an output signal 
which is dependent on loudness of an acoustical signal 
represented by the signal at the input of the output 
transducer. The output of the presettable storing unit 
and the output of the calculating unit are operationally 

IS connected to respective inputs of a comparing unit, the 
output of which being operationally connected to adjust- 
ing inputs at the signal processor unit, thereby automat- 
ically adjusting its transfer characteristic. Thereby, by 
adjusting the transfer characteristic of the signal proces- 

so sor unit, the resulting loudness as monitored by the cal- 
culating unit according to a preselected model is 
accordingly lowered down to reaching, e.g. in a negative 
feedback control loop or by iteration, the value as preset 
In the storing unit which accords to the loudness level of 

ss maximum acceptable loudness, MAL. 

The invention and furttier embodiments will be 
understood by the skilled artisan when reading the 
detailed description and claims which follow. The fig- 
ures show: 

30 

fig. 1 a highly simplified functional block/signal 
flow diagram of an inventive limiting appara- 
tus performing the inventive method, 

35 fig. 2 a functional block/signal flow diagram of a 
hearing aid apparatus construed. according 
to the present invention and in today's pre- 
ferred form, 

40 fig. 3 heuristically the spectrum of a signal at the 
output of the inventive apparatus leading to 
over-ioudness and limited to a loudness 
below or on MAL 

45 According to fig. 1 . an inventive limiting apparatus 
comprises an input acoustical/electrical transducer 1, 
the output thereof being operationally connected to the 
input of a processor unit 3, the output of which being 
operationally connected to an output transducer, as 

so shown to an output electrical/mechanical transducer 5. 
The signal processor unit 3 has a transfer charac- 
teristic T(f) as a function of frequency f (in Hz, Bark or 
ERB) which is adjustable at control inputs E3 as exam- 
plified with the characteristics in unit-block 3. As will be 

55 described later in connection with the preferred embod- 
iment, the transfer function T is preferably formed by a 
bank of filters e.g. in parallel structure, each filter defin- 
ing and thus predominantly acting in a specific spectral 
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band, e.g. according to the critical bands of human 
hearing. 

A calculating unit 7 has Its input operationally con- 
nected to the output ot processor unit 3 and calculates 
loudness L(S.P) of the output signal of unit 3. This unit 5 
perfonns calculation of loudness L following a selected 
loudness model, as e.g. disclosed in the EP-0 661 905 
or in S. Launer, which trath references are incorporated 
with respect to loudness modelling into the present 
description. 'o 

Selected model parameters P are input to the cal- 
culation unit 7. The output of the calculation unit 7 rep- 
resenting loudness as a psychoacoustical entity is fed 
to an input of a corrparing unit 9, the other input of 
which being operationally connected to a storing unit 1 1 is 
which has been loaded with the MAL-value, be it of an 
individual or be it as a generic standard safety value. If 
the loudness L-value as calculated by unit 7 reaches or 
exceeds the MAL-value, the comparator unit 9 acts on 
an adjusting unit 13 wherein transfer function control so 
signals applied to E3 are adjusted so as to reduce loud- 
ness L(S,P) as modelled by calculation unit 7. 

Thus, the actual loudness as transmitted to the 
human ear and thus perceived is monitored and the sig- 
nal transferred to the human ear is reduced as soon as 2S 
the monitored loudness reaches MAL 

In fig. 2 a preferred embodiment of the present 
invention inplied preferably in a hearing aid apparatus 
is shown. 

The processor unit 30 is construed as a filter t>ank so 
with a number of band-pass filters, e.g. in parallel struc- 
ture, and acting preferably each predominantly in one of 
the critical frequency bands or realized as a Fast-Fou- 
rier transform unit. Attention is drawn to the EP-0 661 
905, especially to figs. 12a to 16, and the respective 35 
description with respect to such filter banK provided for 
loudness correction on an individual T to which, via 
output transducer 5, loudness corrected acoustical sig- 
nals are trarismitted. 

At the output A of processor unit 30 calculating unit 40 
70a calculates, according to a loudness model selected, 
the loudness L|(S,P|) which the individual "1" will per- 
ceive and as corrected by the processor unit 30 of the 
hearing aid. The model parameters P| of the individual 
are entered into unit 70a, for instance the parameters • 4s 
according to the Leijon-model, whereabout the EP-0 
661 905 or S. Launer (see above) shall be considered 
as integral part of the present application. We draw 
especially the attention to fig. 15 as well as to figs. 3 to 
9 and the according description of EP-0 661 905. so 

Similarly, the signal input to the processor unit 30 is 
led to a calculating unit 70b which may be implied at the 
same hardware unit as unit 70a and may in fact be the 
same unit. There, standard (N) loudness Ln(S,Pn) of 
the incoming signal S is calculated according to stand- ss 
ard parameters Pn as also described in the EP-0 661 
905 and in Launer which, here too, shall be considered 
as integral parts of the present description. The output 



363A1 6 

signal of the calculating units 70 respectively represent- 
ing loudness L|g and In are operationally connected to a 
control unit 72 wherein the two loudness values are 
compared. The control unit 72 which acts with its out- 
puts on the control inputs E30 which control the loud- 
ness-relevant parameters P30 at the processor unit 30, 
i.e. at the respective filters of the filter bank incorporated 
therein. The perceived and calculated actual loudness 
L| is compared as a single time-varying value at com- 
paring unit 90 with the MAL-value, output from storage 
1 10. The comparison result, i.e. the output of the com- 
parator unit 90, acts on an encoder unit 112 which gen- 
erates a number of output signals led to weighing unit 
1 14 whereat the parameter values emitted from control 
unit 72 to adjust the transfer function of unit 30 are fur- 
ther adjusted, thereby preventing L| to increase over 
MAL. 

In fig. 3 the spectrum a) of a signal A output from 
the processor unit 30 is shown over frequency e.g. 
scaled in Barks. The spectrum a) leads to loudness L,a 
as represented by the area which is shaded under spec- 
trum a) well above the MAL-value. 

By the invention according to fig. 1 or 2, this is 
detected and the transfer function of unit 30 is adjusted, 
e.g. to result in a signal A according to characteristic b) 
which now and according to the hatched surface area 
below characteristic b) accords with a loudness Lit, well 
below MAL. 

By the present invention the signal transfen-ed to 
the human ear is limited according to psychoacoustical 
loudness perception of the human ear and not by prese- 
lecting any physical limit values. 

Claims 

1. A method tor limiting a signal transmitted to the 
human ear in dependence on an incoming acousti- 
cal signal, 

characterized by the steps of: 

- providing a limiting hearing apparatus generat- 
ing from an input acoustical signal (S) a signal 
(A) transmitted to the human ear with a control- 
latile transfer characteristic; 

- storing at said apparatus a threshold value 
(MAL): 

generating at said apparatus a signal depend- 
ent on loudness of said transmitted signal 
(L(S,P); L,(S,P,)); 

reducing loudness of said transmitted signal 
(A) to the ear by adjusting parameters of said 
transfer characteristic which determine the 
loudness (L: L,) of said signal (A) transmitted to 
the ear as soon as said signal dependent on 
loudness (L; L|) of said transmitted signal (A) 
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reaches said threshold value (MAL). 

2. The method of daim 1, characterized by Imple- 
menting said limiting hearing apparatus.into a hear- 
ing aid apparatus. s 

3. The method of claim 1 or 2, characterized by the 
steps of individualiy adjusting said transfer charac- 
teristic in dependence on loudness as perceived by 

a specific individual and of loudness as perceived io 
by a standard. 

4. The method of daim 2 or 3, further comprising the 
steps of: 

IS 

- calculating loudness (I-n(S,Pn)} as perceived 
by a standard on an acoustical signal (S) Input 
to said apparatus; 

- calculating loudness (Lh(S.P|)) as perceived zo 
from the individual on said acoustical signal 
and dependent on loudness of said transmitted 

signal (A): 

calculating a desired hearing aid transfer char- 
acteristic from said calculated loudnesses of 
standard and Individual; 

- adjusting said transfer characteristic (T) of said 
hearing aid according to said desired transfer so 
characteristic; 

performing said limiting by additionally adjust- 
ing said desired transfer characteristic in 
dependence on said loudness of said transmit- as 
ted signal (A) and said threshold value (MAL). 

5. A hearing apparatus, comprising 

an input acoustical/electric transducer (1), the 40 
output thereof being operationally connected to 
the input of 

a signal processor unit (3; 30) with a controlla- 
ble transfer characteristic (T), the output 4S 
thereof being operationally connected to an 
input of 

an output transducer (5) for the human ear. 

so 

characterized by the facts that there is provided: 

a presettable storing unit (11; 110); 

a calculating unit (7; 70a), the Input thereof ss 
being operationally connected to the output of 
said processor unit (3, 30) and generating an 
output signal which is dependent on loudness 



of an acoustical signal represented by said sig- 
nal at the input of said output transducer (5), 
whereby 

the outputs of said calculating unit (7; 70a) and 
of said presettat)le unit (1 1 ; 1 10) are operation- 
ally connected to respective inputs of a com- 
paring unit (9; 72); 

the output of said comparing unit (9; 72) Is 
operationally connected to adjusting Inputs (E3; 
E30} for said characteristic of said processor 
unit (3; 30). 

6. The apparatus of claim 5, characterized by said 
transducers (1 , 5) and said processor unit (3; 30) 
being part of a hearing aid apparatus. 

, 7. The apparatus of claim 6. characterized by 

• a second calculating unit (70b). the input 
thereof being operationally connected to the 
output of said input transducer (1) and generat- 
ing an output signal representing a standard 
loudness of an acoustical signal input to said 
input transducer (1); 

- the outputs of said one and said further calcu- 
lating units (70a, 70b) being operationally con- 
nected to a third calculating unit (72); 

the output of said further calculating unit (72) 
being operationally connected to said adjusting 

inputs (E30). 

8. The apparatus of the claims 5 to 7, characterized by 
the facts that said processor unit (3; 30) comprises 
a predetermined number of band-pass filters, each 
predominantly acting in a respective spectral band, 
said adjusting inputs (E3; E30) being operationally 
connected to adjusting Inputs of said filters. 
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